Activation of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway by type I interferons (IFN) requires clathrin-dependent endocytosis of the IFN-α/β receptor (IFNAR). The molecular machinery that brings about the selective activation of IFN-α/β-induced JAK/STAT signaling on endosomes remains unknown. Here we show that the constitutive association of STAM with IFNAR1 and the TYK2 Janus kinase at the plasma membrane prevents the activation of TYK2 by type I IFNs. IFN-α stimulated endocytosis leads to the interaction of IFNAR1 with Hrs on early endosomes, which then relieves TYK2 inhibition by STAM and thereby allows for TYK2 and IFNAR signaling. In contrast, IFN-β stimulation results in sorting of IFNAR to a distinct endosomal subdomain where the receptor is activated independently from Hrs. Our results identify the molecular machinery that controls the spatiotemporal activation of TYK2 and establish the central role of endosomal sorting in the differential regulation of JAK/STAT signaling by IFN-α and IFN-β.
INTRODUCTION
The four members of the Janus kinase (JAK) family of tyrosine kinases (JAK1, JAK2, JAK3 and TYK2) play a major role in cell signaling as signal downstream transducers of more than fifty cytokine and growth factor receptors, and are associated with a large spectrum of human diseases (1). How this limited set of tyrosine kinases can control the activation, regulation and pleiotropic functions of such a vast family of signaling receptors remains obscure. This question is particularly salient for type I interferons (IFNs) where sixteen human IFNs transduce their signal through binding to a common cell surface heterodimeric receptor, IFNAR, made of one dimer of IFNAR1 and IFNAR2 subunit, respectively associated with TYK2 and JAK1 (2) . Numerous investigations have tried to understand how IFN-α and IFN-β can mediate different signaling outputs and physiological activities through the activation of the same JAK/signal transducer and activator of transcription (STAT) pathway. Seminal studies on epidermal growth factor receptor (EGF-R) endocytosis and signaling have contributed to define the concept of the signaling endosome, where the spatiotemporal propagation and amplification of signaling can be actively controlled (3) (4) (5) (6) . The current challenge is to identify the molecular machineries that control signaling at the endosome. Our finding that clathrin-dependent endocytosis of the IFNAR complex was required for the activation of JAK/STAT signaling by IFN-α suggested a possible role for endosomal sorting in JAK/STAT activation (7) . Here, we identify the molecular machinery that controls the spatiotemporal activation of JAK/STAT signaling induced by IFN-α at the early endosome.
RESULTS

IFNAR1 interacts with Hrs at the early endosome
We monitored by immunofluorescence the intracellular fate of the IFNAR complex after 10 min of endocytosis in cells stimulated with IFN-α or IFN-β stimulation. We found that the majority of the endocytosed IFNAR1 subunits were present in early endosomes, as shown by colocalization with the bona fide endosomal marker EEA1 ( Fig. 1A) . These endosomes were also positive for hepatocyte growth factorregulated tyrosine kinase substrate (Hrs), a member of the endosomal sorting complex required for transport (ESCRT)-0 that binds to ubiquitylated cargo proteins and sorts them to the degradative lysosomal pathway (8) (9) (10) . Whereas IFNAR1 and Hrs immunostainings were perfectly superimposed upon cell stimulation with IFN-α, we found that for IFN-β, IFNAR1 staining was juxtaposed to Hrs, suggesting that IFNAR was localized in a different endosomal subdomain.
This important aspect was further analyzed on enlarged endosomes that form upon expression of the GTPase-deficient Rab5 mutant Q79L (37) . On such enlarged endosomes, we could clearly observe that the distribution of internalized IFNAR1 subunits differed with the IFN subtype ( Fig. 1B ). After 10 min of stimulation with IFNα, the endocytosed IFNAR1 subunits fully colocalized with Hrs and Rab5. In contrast, after IFN-β stimulation, the IFNAR1 subunits were localized in distinct endosomal subdomains devoid of Hrs and Rab5 (Fig. 1B) .
By immunoprecipitation experiments, it was found that IFNAR1 and Hrs interact (Fig. 1C ). This interaction was minimal in unstimulated cells and dramatically increased after 10 min of cell stimulation by IFN-α. In contrast, we could not detect IFNAR1 subunits in Hrs immunoprecipitates from cells stimulated by IFN-β ( Fig. 1C ).
We next combined fluorescence lifetime imaging (FLIM) and Förster resonance energy transfer (FRET) microscopy to monitor in live cells the molecular dynamics of the interaction of IFNAR1 with Hrs at high spatial and temporal resolution. At steady state, IFNAR1-eGFP fluorescence lifetime decreased when Hrs-mCherry was co-expressed, confirming the physical interaction between IFNAR1 and Hrs ( Fig. 1D ). This effect was strongest after 5 to 15 min IFN-α stimulation, reflecting an increased interaction with Hrs at the early endosome (8) . Later than 15 min of IFN-α stimulation, IFNAR1-eGFP fluorescence lifetime increased again significantly, which is consistent with the sorting of IFNAR1 subunits to late endosomes where Hrs is no longer present (11) .
Hrs was initially characterized as a tyrosine phosphorylated substrate of several growth factors, especially hepatocyte growth factor (8) (9) (10) (11) (12) (13) . We found that a 10 min stimulation by IFN-α significantly increased Hrs tyrosine phosphorylation over basal levels found in unstimulated cells. In contrast, no Hrs tyrosine phosphorylation could be detected when cells were stimulated by IFN-β ( Fig. 1E ). It is classically described that Hrs interacts with ubiquitinylated cargo proteins through its ubiquitin interacting motif (UIM) (14, 15) . A mutated form of Hrs, deleted from the UIM, presented a similar increase of tyrosine phosphorylation after stimulation by IFN-α ( Fig. 1E ), suggesting that IFNAR1 ubiquitination was not required for Hrs interaction and phosphorylation, as already reported for other cytokine receptors (16) . This result is also consistent with our finding that only IFN-α and not IFN-β promotes the interaction of IFNAR1 with Hrs, whereas both IFN-α and IFN-β can induce the ubiquitylation of IFNAR1 subunits (17, 18) . Altogether these results demonstrate that IFN-α stimulation promotes the ubiquitin-independent phosphorylation of Hrs, and its interaction with IFNAR at the early endosome. In contrast, upon IFN-β stimulation, Hrs is not phosphorylated and does not interact with IFNAR.
JAK/STAT activation by IFN-α requires Hrs
IFN-mediated signaling relies predominantly on the canonical JAK/STAT signaling pathway (19) . IFN-α/β binding to IFNAR2 results in IFNAR1 and IFNAR2 subunit dimerization, followed by auto/trans-phosphorylation and activation of the TYK2 and JAK1 tyrosine kinases, which are, respectively, pre-associated with IFNAR1 and IFNAR2 (20) (21) (22) . JAK-mediated IFNAR1 tyrosine phosphorylation allows the recruitment and activation of cytoplasmic STAT1 and STAT2, which in association with IRF9, are translocated to the nucleus as the ISGF3 complex that binds to IFNstimulated response elements in DNA to initiate gene transcription (23) . Our finding that clathrin-dependent endocytosis of IFNAR controls the activation of JAK/STAT signaling by type I IFNs (7) suggested that the activation of IFNAR-associated JAK kinases could occur at the endosome.
We therefore explored the role of IFNAR binding to Hrs in JAK/STAT signaling. As expected, IFN-α stimulation led to full activation (i.e. tyrosine phosphorylation) of JAK1 and TYK2 ( Fig. 2A ). In Hrs depleted cells, virtually no activation of JAK1 and TYK2 was detected after 10 min of IFN-α stimulation ( Fig.   2A ). Hrs depletion did not change the overall levels of intracellular and cell surface IFNAR1 ( Fig. S1A ). Consistent with the lack of JAK1 and TYK2 activation, the tyrosine phosphorylation of IFNAR1, a requisite for STAT1 recruitment, could not be detected in the absence of Hrs ( Fig. 2A ). As a result, IFN-α−stimulated tyrosine phosphorylation of STAT1 (pSTAT1) was strongly inhibited in Hrs depleted cells ( Fig.   2B ). Impaired STAT1 activation in Hrs-depleted cells translated into an absence of pSTAT1 translocation to the nucleus (Fig. S1B ). In agreement with the lack of IFNAR interaction with Hrs under IFN-β stimulation conditions, Hrs depletion did not alter JAK/STAT activation by IFN-β ( Fig. 2B and S1B). Supporting our finding that Hrs activation by IFN-α occurs independently from its UIM domain ( Fig. 1E ), mouse embryonic fibroblasts (MEF) expressing human IFNAR2 and a human IFNAR1 mutant deleted for its ubiquitination sites, displayed nevertheless sustained JAK/STAT signaling in response to IFN-α stimulation (Fig. 2C ).
Depleting PI3-P levels through pharmacological inhibition of the PI3 kinase
Vps34 also led to a specific decrease of STAT1 tyrosine phosphorylation by IFNα ( Fig 2D) , in agreement with the recruitment of Hrs to early endosomes through PI3-P binding (8, 33) . PI3-P depletion did not affect STAT1 activation by IFN-β confirming that endocytosed IFNAR were localized to distinct endosomal subdomains after IFNβ stimulation (Fig. 2D ).
STAM-dependent signaling block at the plasma membrane
We next sought to identify the molecular mechanisms by which Hrs controls IFNARdependent JAK/STAT activation at the early endosome. Signal transducing adaptor molecule (STAM) binds tightly to Hrs to form the ESCRT-0 complex at the early endosome (15, 24, 25) . In humans, the STAM family consists of STAM1, STAM2A and STAM2B, which share conserved domains that are important for their function (26) . Interestingly, the four members of the JAK family were shown to interact with the ITAM domain present in STAM1 and STAM2A in co-immunoprecipitation experiments (27, 28) . We studied therefore the possible role of STAM1 and STAM2A in the control of JAK activation by IFNs. We focused our studies on human STAM1
and Hbp, the murine orthologue of human STAM2A (26) . In agreement with published data (25, 29) , we found STAM2A mainly localized in early endosomal structures positive for EEA1 ( Fig. 3A) . At steady state, a fraction of TYK2 was also associated with these EEA1 and STAM2A-positive endosomes. Accordingly, TYK2 significantly co-immunoprecipitated with STAM2A, irrespective of IFN-α and IFN-β stimulation ( Fig. S1C ). FRET by FLIM measurements on EEA1 positive endosomes confirmed the constitutive interaction of TYK2 with STAM2A independently from IFNα and IFN-β stimulation (Fig. 3A ).
We next explored the role of STAM2A in TYK2-mediated signaling. IFN-α or IFN-β-induced tyrosine phosphorylation of TYK2 and STAT1 were increased in STAM1 and STAM2-depleted cells, both at early and later times ( Fig. 3B,C) . STAM depletion did not change the intracellular and cell surface amounts of IFNAR1 nor the kinetics of IFNAR1 uptake (Fig. S2 ). These results imply that STAM acts as a negative regulator of JAK/STAT signaling by constitutively inhibiting the TYK2 kinase activity independently from IFN-α or IFN-β stimulation. This is in contrast to Hrs, which is a positive regulator of TYK2 kinase activity and JAK/STAT signaling under IFN-α, but not IFN-β, stimulation conditions ( Fig. 2A,B ).
These opposing effects are difficult to reconcile with the established role of Hrs/STAM as an obligate hetero-dimeric or tetrameric ESCRT-0 complex operating at the early endosome (15, 30, 31) . We therefore tested the possibility that STAM and Hrs may act independently from each other. Figure 4A shows that endogenous IFNAR1 can be detected in eGFP-STAM2A pull down lysates from cells stimulated or not with IFN-α or IFN-β. The constitutive interaction of IFNAR1 with STAM2A in the absence of IFN stimulation suggested that STAM may bind to IFNAR1 at the plasma membrane. Indeed, cells transiently expressing mCherry-STAM2A and IFNAR1-eGFP showed a significant level of colocalization at the plasma membrane, in addition to the one on early endosomes (Fig. 4B ). Similar results were found at steady state in cells expressing endogenous levels of STAM and IFNAR1 (Fig. S3A ).
We further analyzed the interaction between endogenous STAM and IFNAR1 using the proximity ligation assay (PLA), which allows to directly visualize protein-protein interactions in situ (32) . PLA experiments showed that endogenous STAM and IFNAR1 were found in close proximity at the plasma membrane (within ≈ 40 nm) at steady state, and that this interaction was conserved during IFNAR1 endocytosis under IFN-α or IFN-β stimulation conditions (Fig. 4C ). Inhibition of IFNAR1 endocytosis through clathrin depletion confirmed the constitutive interaction of STAM with the pool of IFNAR1 present at the plasma membrane. In agreement with the abovementioned findings ( Fig. 1A-D) , PLA experiments confirmed the tight interaction of endocytosed IFNAR1 with Hrs after 10 min of IFN-α but not IFN-β stimulation (Fig. 4D) . In contrast to STAM however, no constitutive interaction between IFNAR1 and Hrs could be detected at the plasma membrane under resting or IFN-α stimulation conditions, even when IFNAR1 endocytosis was inhibited in clathrin-depleted cells (Fig. 4D ). Finally, PLA and co-immunoprecipitation experiments revealed that the depletion of the TYK2 kinase did not prevent IFNAR1 interaction with STAM ( Fig. S3B,C) . Altogether, these data indicate that at steady state, STAM interacts constitutively with IFNAR1 at the plasma membrane, independently of Hrs and TYK2. Upon IFN-α stimulation and IFNAR1 endocytosis, STAM interaction with IFNAR1 continues at the early endosome where IFNAR1 associates with Hrs.
IFNAR1 interaction with Hrs relieves STAM inhibition of TYK2
STAM interacts with IFNAR1 at the plasma membrane to control TYK2 activation in an opposite manner to Hrs, whose interaction with IFNAR1 is restricted to the early endosome. This raised the possibility that JAK/STAT signaling was controlled according to the subcellular location of IFNAR. We tested this hypothesis by blocking IFNAR1 endocytosis to the early endosome so as to restrict the analysis of STAM function to the pool of IFNAR present at the plasma membrane. As shown above ( Fig. 3C) , depletion of STAM led to a significant increase of IFN-α or IFN-βstimulated STAT1 tyrosine phosphorylation (Fig. 5A) . In cells where IFNAR uptake was blocked by clathrin depletion, the activation of STAT1 by either IFN-α or IFN-β was strongly decreased, as reported before (7) . However, in cells depleted for both clathrin and STAM, we observed a level of STAT1 activation similar or even higher than in control cells (Fig. 5A) . Thus, in the absence of STAM, IFNAR endocytosis is dispensable for efficient JAK/STAT signaling. These data suggested that IFNAR endocytosis was required to relieve the inhibitory effect of STAM on TYK2 activity.
We hypothesized that this would be achieved by the binding of STAM to Hrs at the early endosome. We sought to test this hypothesis by forcing the ectopic localization of Hrs at the plasma membrane. Hrs is recruited to early endosomes through the binding of its FYVE motif to phosphatidylinositol 3-phosphate (PI3-P) (8, 33) . PI3-P is specifically generated at the early endosome via the phosphorylation of phosphatidylinositol by PI3-kinases, which are recruited and activated at the early endosome by the GTPase Rab5 (34) . To target constitutively active Rab5 to the plasma membrane, we ectopically expressed the Rab5 Q79L mutant, containing the C-terminal CAAX box of K-Ras (35) . This resulted in PI3-P production at the plasma membrane, as shown by colocalization between GFP-FYVE (a PI3-P probe) and
Rab5-CAAX (Fig. 5B ). Under this condition, Hrs also localized at the plasma membrane, in addition to its classical endosomal localization.
To block IFNAR at the plasma membrane, we used ikarugamycin (Ika), a recently characterized natural product inhibitor of clathrin-mediated endocytosis (36) .
In ikarugamycin-treated cells, we indeed detected a strong accumulation of the clathrin pathway cargo transferrin at the cell surface, confirming that the endocytosis block was efficient. A similar effect was observed for IFNAR1 ( Fig. S4 ). As expected (7) , inhibition of IFNAR endocytosis by ikarugamycin led to a drastic inhibition of STAT1 nuclear translocation in cells stimulated for 10 min by either IFN-α or IFNβ ( Fig. 5C ). Importantly however, in cells inhibited for IFNAR endocytosis, STAT1 nuclear translocation induced by IFN-α could be rescued if Hrs was ectopically recruited to the plasma membrane. In contrast, localizing Hrs at the plasma membrane did not rescue the nuclear translocation of STAT1 upon stimulation of cells by IFN-β. This finding is consistent with the lack of Hrs involvement in IFNAR sorting and JAK/STAT signaling under IFN-β stimulation conditions ( Fig. 1B ,C,E and 2B). Hrs was thus able to relieve the inhibition that STAM constitutively exerts on TYK2 activity at the plasma membrane.
DISCUSSION
It has been more than twenty years since the first report describing the control of epidermal growth factor receptor signaling by endocytosis (3) . If many receptors, including IFNAR (7) , were found to follow a similar regulation, the underlying mechanisms remain poorly understood. Here we provide evidence that STAM locks JAK/STAT signaling in a silent mode at the plasma membrane by binding constitutively to IFNAR1 and TYK2. Upon IFN-α stimulation, IFNAR is endocytosed into Hrs and PI3-P positive domains of the early endosome. Binding of Hrs to STAM relieves STAM inhibition on TYK2 and thereby allows the efficient activation of TYK2 by IFN-α at the early endosome ( Fig. 6 ).
Our study unveils two unusual facets of STAM and Hrs function. STAM is classically described as a constitutive binding partner of Hrs to assemble ESCRT-0 at the early endosome (31) . Our results show that STAM can also operate independently from Hrs at the plasma membrane, and that Hrs can be a positive regulator of signaling, in addition to its classical inhibitory action through receptor sorting for lysosomal degradation (40) .
How specific subtypes of type I IFN can transduce differential responses by binding to the same cell surface receptor has been intensively investigated and remains controversial (2, 38) . Different affinities toward IFNAR subunits at the plasma membrane were shown to control differential IFN activities by conditioning IFNAR conformational changes, internalization rates, and STAT activation (21) . In this context, we found that IFN-α2-YNS, an IFN-α variant presenting the same binding affinity to IFNAR as IFN-β (39), behaved nevertheless like IFN-α since STAT1 activation by IFN-α2-YNS was still controlled by Hrs (Fig. S1B) . Finally, upon IFN-β stimulation, endocytosed IFNAR is targeted to distinct endosomal subdomains devoid of Hrs and PI3-P. These findings establish that in addition to the structural changes occurring at the plasma membrane, IFNAR endosomal sorting is central to the differential activation of JAK/STAT signaling by IFN-α and IFN-β.
Recently, we reported that the retromer complex controls the duration of JAK/STAT signaling by IFN-α and IFN-β through differential sorting of IFNAR1 and IFNAR2 subunits at the early endosome (41) . We also found that the activation of JAK/STAT signaling by IFN-γ occurred at the plasma membrane through lateral diffusion of the IFN-γR in lipid nanodomains (42) . Together with the current study, these findings emphasize the critical role of membrane dynamics and trafficking in the differential control of IFN subtype selectivity within the JAK/STAT signaling pathway.
In conclusion, we have uncovered the molecular machinery that allows the endosomal control of signal transduction by IFN-α. The Hrs and STAM interplay that was identified here represents a key switch for TYK2 activity between the plasma membrane and the early endosome. Our study underscores the central role of endosomes as active hubs for the selective control of signaling. While this aspect has long been overlooked for JAK/STAT signaling, future studies should address this regulation in the many pathological contexts where this pathway is altered. 
